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Abstract: Recent estimates based on shipboard echosounders suggest that 50% or more of
global fish biomass may reside in the mesopelagic zone (depths of 200–1000m).
Nonetheless, little is known about the acoustic target strengths (TS) of mesopelagic animals
because ship-based measurements cannot resolve individual targets. As a result, biomass
estimates of mesopelagic organisms are poorly constrained. Using an instrumented tow-
body, broadband (18–90 kHz) TS measurements were obtained at depths from 70 to 850m.
A comparison between TS measurements at-depth and values used in a recent global esti-
mate of mesopelagic biomass suggests lower target densities at most depths.
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1. Introduction
The mesopelagic zone, an expansive area of the oceans spanning depths from roughly
200–1000m, is defined by the depths to which light penetrates but is insufficient to support pho-
tosynthetic activities. Recent estimates suggest that a majority of global fish biomass inhabits this
zone1,2 and that these animals play an important role in mediating carbon flux to the deep
ocean.3 The majority of this biomass is associated with deep scattering layers detected in ship-
board echosounder data. These deep scattering layers have been studied since the 1940s4,5 and
the associated methods have been reviewed in various publications.6,7 Despite its importance,
much remains to be learned about the mesopelagic zone.
Shipboard echosounders are commonly used to survey the mesopelagic zone. The fre-
quencies of these echosounders are typically 18 and 38 kHz. These two frequencies, as well as
higher ones, have been successfully used to study the epipelagic zone, which is the top 200m of
the ocean. In this near-surface zone, the acoustic scattering by fishes is generally in the geometric
scattering region where there is little dependence of the scattering on frequency. As a result, there
exist simple relationships between target strength (TS) and length.8 Furthermore, fish near the
surface are more readily resolved, allowing for direct measurements of TS. These two conditions
allow for accurate conversion of acoustic volume backscattering strength (using TS) to
abundance.8
Because of the depth and diversity of the organisms in the mesopelagic zone, use of
these shipboard narrowband echosounders is less effective than in many epipelagic applications.
At large ranges individual animals are generally not resolvable using shipboard echosounders,
limiting measurements of TS, and high attenuation limits the use of high-frequency signals.
Also, the resonance frequencies of fish swimbladders at these deeper depths can be in the 10’s
of kHz. The pattern of TS versus frequency has a strong peak at the resonance frequency that
is both depth- and size-dependent. The proximity of common echosounder frequencies to the
resonance frequencies of many mesopelagic organisms makes estimates of abundance sensitive
to these resonances. Compounding these challenges are uncertainties in the biodiversity and
associated acoustic characteristics of these communities (e.g., the proportion of animals that
are non-resonant due to lipid-filled swimbladders9 or those with no swimbladder). For these
reasons, the determination of the TS and estimation of the abundance of mesopelagic popula-
tions whose acoustic characteristics span multiple scattering regimes is challenging with nar-
rowband shipboard echosounders.
a)Author to whom correspondence should be addressed, ORCID: 0000-0003-0534-0664.
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Broadband echosounders deployed at deep depths, in combination with rigorous physical
sampling, can help to better constrain biomass estimates of the mesopelagic zone. While broad-
band instruments at relevant frequencies have been applied to epipelagic species,10–12 similar
approaches have not been applied in the mesopelagic zone. Deploying these systems at short
ranges from the organisms allows for the animals to be acoustically resolved so that direct mea-
surements of TS can be made. Through use of broadband sound, the pattern of TS versus fre-
quency can be related to the gross anatomical features of the organisms. Specifically, observation
of a resonance, a slope that suggests that the band is near a resonance, or a pattern that is near
the transition region between Rayleigh and geometric scattering will give information on the size
of organism and its gas inclusion (if one exists).
To address these needs, the towed instrument platform Deep-See has been developed
and equipped with a powerful combination of sensing technologies for deployment in the meso-
pelagic zone.13 While other profiling or towed packages have been previously used to measure
mesopelagic scatterers,14–16 Deep-See has unique sensing capabilities. For example, it contains
seven broadband echosounders with split-beam capabilities spanning the frequency range from
roughly 1 to 420 kHz. The package, which is rated to a depth of 2000m, includes a power and
telemetry bottle for real-time observations.
This paper presents a preliminary analysis of measurements of TS versus frequency and
depth for mesopelagic organisms from the first series of deployments of Deep-See. The analysis
focuses on frequencies between 18 and 90 kHz given their relevance to traditional survey techni-
ques. Individual targets are processed from tow-body depths of 70 to 800m during a nighttime
deployment. TS histograms, resonance frequencies, classification of TS spectra, and ship-based
narrowband measurements are analyzed. Measured TS values are compared to those used in a
previous estimate of global mesopelagic biomass and to quantify the impact of the differences on
density inferences.
2. Methods
The first at-sea use of Deep-See was performed off of the New England continental shelf, USA,
between August 12 and 22, 2018. During that period, seven deployments were performed over a
range of depths for system testing, calibration, and studies of marine life. Shipboard narrowband
echosounders (Simrad EK60) were operated concurrently at 18, 38, 120, and 200 kHz. In
sequence with the deployments, physical sampling was performed using pelagic trawls and zoo-
plankton nets. These physical samples are not further discussed as it is outside the scope of this
initial analysis.
The seven broadband tranducers on Deep-See are operated by two independent systems.
Four of the channels are part of a Simrad EK80 (monostatic) echosounder system (45–420 kHz)
and the other three are part of a customized system made by Edgetech (1–45 kHz). In this latter
system, three source transducers are paired with an adjacent split-beam receiver array constructed
of polyvinylidene fluoride (PVDF). The sources are close enough to the receive array in the
Edgetech system that for ranges beyond 20m this source/receiver geometry is a good approxima-
tion to a monostatic system. The broadband echoes from each channel were pulse-compressed
using matched filter processing.17–19 The echosounders were calibrated as a function of depth of
the tow-body (40 to 700m) using a 20-cm-diameter solid aluminum sphere suspended about
20m below the transducers. The response of each channel was determined using a combination
of partial-wave and full-wave calibration techniques.10,20 Further information about the PVDF
array, Edgetech system processing, and calibration is available as supplementary material.21 A
Seabird 25plus sensor was mounted on Deep-See to measure conductivity, temperature, and
depth (CTD).
This analysis focuses on one deployment during which data were collected at depths
from 70 to 850m over a three-hour period overnight (after the diel migration). The deployment
took place on 17–18 August 2018 at approximately 39120 N, 70430 W. Data from two
echosounder channels, with nominal center frequencies of 30 and 70 kHz, are analyzed in terms
of various characteristics of target strength from individual scatterers. These sub-systems are
referred to here as the “30 kHz BB” and “70 kHz BB” channels, where the “BB” refers to broad-
band. The subsystems transmitted linear frequency modulated signals (i.e., chirps) with pulse
durations and frequency ranges of 10ms/18–45 kHz and 1ms/45–90 kHz, and with beamwidths
of 4.6 and 7 at their center frequencies, respectively. Both sub-systems transmitted at a ping
rate of 1Hz, but operated asynchronously. In post-processing, a quadrant in the 70 kHz BB
channel was found to not be operating as expected. Further analysis suggested that the channel
performance was suitable for inclusions here despite the increase in uncertainty associated with
the data (see supplemental material).21
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Echoes from individual targets were manually selected in 0.5m analysis windows at
ranges of 20–50m from the tow-body. Acceptance for further processing of echoes from individ-
ual targets varied across channels due to differences in beamwidth and signal-to-noise ratios.
Targets from the 70 kHz BB channel were only considered for further processing if they were
detected in at least three pings where the off-axis angle (h) was less than 3, the target spectra
were structurally similar, and individual pings agreed to within 3 dB of the mean with the excep-
tion of nulls that were smoothed over by averaging. In contrast, targets with a few as one echo
where h < 2.5 were accepted in the 30 kHz BB channel. However, single ping targets were
retained only if the target had been observed in additional pings where h > 2.5, but still agreed
with the accepted ping to within 2 dB below 30 kHz (75% of the targets retained had two or
more pings where h < 2.5).
The TS spectrum was calculated for each accepted target by taking the linear average of
the spectra of its echoes. “Narrowband” values of TS were calculated from the spectra by taking
linear averages in the sub-bands of 20–22 kHz, 37–39 kHz, and 69–71 kHz for comparison to
shipboard narrowband frequencies and previously published literature. The 20–22 kHz band is
the closest approximation of the commonly used 18 kHz channel that could be reliably obtained
given the roll-off near the edge of the transceiver band.
Target strength spectra were visually examined and categorized by their shape into the
following five classes: flat (F), resonant (R), near-resonance (N), below-resonance/Rayleigh scat-
tering (B), and complex (C). These classifications correspond to portions of modeled TS spectra
associated with organisms whose bodies are gas-bearing or fluid-like. These anatomical groups
are distinguished acoustically as having a resonance or no resonance, respectively10,22 [Fig. 1(a)].
In situ echo data corresponding to these classifications are shown for comparison [Fig. 1(b)].
Since the channels are not synchronized, the position and orientation of individual targets rela-
tive to Deep-See are not necessarily consistent between channels. Therefore, instead of directly
comparing targets, broader trends and differences between channels for all targets are analyzed.
For example, if the targets are generally resonant in the 30 kHz BB channel, then the expectation
is that their spectra would be flat in the 70 kHz BB channel.
3. Results and discussion
Observed target strength distributions and their means, echo classification, and resonance fre-
quencies vary as a function of depth (Fig. 2). Trends in scattering observed as a function of fre-
quency in Deep-See data are consistent with volume backscattering measurements from the ship-
board narrowband echosounders at 18 and 38 kHz (see supplementary material21). Important
observations as a function of target depth are summarized below:
• 82–120 m: TS spectral classifications included flat, resonant, and near resonance (30 kHz BB) in
contrast to flat and complex (70 kHz BB). Observed resonance peaks were limited to 20–25 kHz
and the mean narrowband TS value was highest at 20 kHz. Targets at this depth likely included a
mix of mesopelagic and epipelagic species.
• 241–278 m: Approximately 81% of targets (30 kHz BB) were resonant, of which 92% had reso-
nance peaks from 33 to 35 kHz. In the 70 kHz BB channel most TS spectra were classified as flat,
Fig. 1. (Color online) (a) Scattering models for prolate spheroids, one gas (Ref. 24) and one weakly scattering (Ref. 25).
Material properties are consistent with those of marine organisms and high ambient pressures. The y axes are presented on a
relative scale to focus on the form of the curve and not the amplitude of the scattering. (b) Classification examples for 30 kHz
BB channel TS spectra.
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although some were classified as below-resonance/Rayleigh. No below-resonance/Rayleigh tar-
gets were observed with the 30 kHz BB channel, suggesting these echoes were below the noise
floor.
• 391–448 m: Approximately 60% of the echoes (30 kHz BB) were below-resonance/Rayleigh while
the 70 kHz BB channel includes all classifications except complex spectra. This suggests that
many targets may have been resonant between 40 and 50 kHz. Due to different target classifica-
tions, TS distributions are wider than at shallower depths. Fewer targets are measured in the 70
kHz BB channel due to a relatively high target density that made resolving individual targets
more difficult.
• 521–749 m: Larger proportions of targets near-resonance (70 kHz BB) or below-resonance/
Rayleigh (30 kHz BB) are present at these depths and the relative proportion of targets suitable
for processing using the 30 kHz BB channel decreases. Resonant targets with peaks near 38 kHz
were dominant (60% of targets in the 30 kHz BB channel) from 521 to 565 m. From 611 to
Fig. 2. (Color online) Distributions of TS, spectral classification, and resonance frequencies. The number of targets (n) in the
first column applies to the entire row and the colors correspond to the 30 kHz BB (black/grey) and 70 kHz BB channels (red).
Mean TS values are given in each panel in the left column. The spectral classifications are (C) complex, (F) flat, (N) near res-
onance, (R) resonant, (B) below resonance/Rayleigh. Annotations in the right column refer to the spectral classifications.
Resonance peaks on these frequency ranges are not resolved.
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650 m, results suggest unresolved resonance between 40 and 50 kHz, in addition to targets reso-
nant in the 30–40 kHz range. A wide distribution of resonance peaks (30 kHz BB) is observed
from 710 to 749 m.
• 811–850 m: Both channels include all spectral classifications. At this depth many more targets
were observed in the 70 kHz BB channel and most were below-resonance/Rayleigh. These targets
are under-counted by both ship-based echosounders and in the 30 kHz BB channel data due to
the system’s noise floor. Although the type of these targets is unknown, the 70 kHz TS values and
below-resonance/Rayleigh classification are consistent with the targets being gas-bearing
organisms.
Using measured TS values, a comparison is made to a recent study1 based on 38 kHz
shipboard echosounder measurements that suggests mesopelagic biomass considerably exceeds
estimates based on physical sampling. TS values cannot be converted to biomass without physical
sampling to establish TS-weight relationships and apportionment of scattering to different taxa.
However, relative comparisons between densities of scatterers based on TS values are possible.
Irigoien et al.1 used a TS value of 60.6 dB re 1m2, a geometric mean of TS measured in other
studies. The 38 kHz TS values within the mesopelagic zone (depth >200m) presented here range
from 51.3 to 49.5 dB re 1m2. Applied to volume backscattering measurements, these TS val-
ues would result in 90% fewer individuals than Irigoien et al. Even using the linear mean of the
TS values from Irigoien et al. (55.1 dB re 1m2), these differences are large (75% to 58% fewer
scatterers). In contrast, measurements of targets from 811 to 850m in our study suggest many
animals are under-counted by ship-based echosounders due to their low TS at 38 kHz. The impli-
cation is clear: biomass estimates are subject to large uncertainties without well-constrained TS
distributions and TS-weight relationships representative of a particular location and depth. These
uncertainties are compounded by the reported non-linearity bias from EK60 echosounders (the
primary acoustic data source in previous biomass estimates), which may result in overestimates
of volume backscattering by 10% or more in this context.23
To our knowledge, these are the first broadband TS measurements at these depths with
frequencies that overlap with those of ship-based echosounders. These measurements reveal the
complexity of mesopelagic backscatter as a function of depth, with changes in the spectral classi-
fications and TS distributions belying the stability in the mean TS values at 38 kHz below 200m.
Furthermore, many scatterers were detected at depth that contribute little to observations using
ship-based echosounders. The use of TS values previously applied in global mesopelagic biomass
estimates to measurements at this site would result in inferred target densities as much as ten
times higher than those be obtained using TS measurements. These measurements are limited to
one location over a short period of time and the results should not be assumed to apply through-
out the mesopelagic zone or in different regions. New data sets, improved system characteriza-
tion, refined processing techniques, and larger sample sizes will make future measurements more
suitable for broader application. Other sensors and physical samples (trawls) will further contrib-
ute to our understanding of the acoustic observations and the mesopelagic zone.
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